A r t i c l e s
The understanding of gene function depends on the possibility of altering DNA sequences within the cell in a controlled fashion. Sitespecific mutagenesis in eukaryotes is achieved through the use of sequence-specific nucleases that promote homologous recombination of a template DNA containing the mutation of interest. Zinc finger nucleases (ZFNs) 1 , transcription activator-like effector nucleases (TALENs) 2 and homing meganucleases 3 can be programmed to cleave genomes in specific locations, but these approaches require engineering of new enzymes for each target sequence. In prokaryotic organisms, mutagenesis methods either introduce a selection marker in the edited locus or require a two-step process that includes a counterselection system 4, 5 . More recently, phage recombination proteins have been used for recombineering, a technique that promotes homologous recombination of linear DNA or oligonucleotides. However, because there is no selection of mutations, recombineering efficiency can be relatively low (0.1-10% for point mutations down to 10 −5 -10 −6 for larger modifications) 6 , in many cases requiring the screening of a large number of colonies. Therefore new technologies that are affordable, easy to use and efficient are still needed for the genetic engineering of both eukaryotic and prokaryotic organisms.
Recent work on the CRISPR adaptive immune system of prokaryotes has led to the identification of nucleases whose sequence specificity is programmed by small RNAs 7 . CRISPR loci are composed of a series of repeats separated by 'spacer' sequences that match the genomes of bacteriophages and other mobile genetic elements [8] [9] [10] [11] . The repeat-spacer array is transcribed as a long precursor and processed within repeat sequences to generate small crRNA that specify the target sequences (also known as protospacers) cleaved by CRISPR systems [12] [13] [14] [15] [16] . Essential for cleavage is the presence of a sequence motif immediately downstream of the target region, known as the protospacer-adjacent motif (PAM) 7, 17, 18 . CRISPR-associated (cas) genes usually flank the repeat-spacer array and encode the enzymatic machinery responsible for crRNA biogenesis and targeting 19 . Cas9 is a double-stranded (ds)DNA endonuclease that uses a crRNA guide to specify the site of cleavage 7, 18 . Loading of the crRNA guide onto Cas9 occurs during the processing of the crRNA precursor and requires a small RNA antisense to the precursor (the tracrRNA) and RNAse III (ref. 14) . In contrast to genome editing with ZFNs or TALENs, changing the target specificity of the RNA-protein complex comprised of tracrRNA, crRNA and Cas9 (dual-RNA:Cas9) does not require protein engineering but only the design of the short crRNA guide [20] [21] [22] .
We recently showed in S. pneumoniae that the introduction of a CRISPR-Cas system targeting a chromosomal locus leads to the killing of the transformed cells 23 . We observed that occasional survivors contained mutations in the target region, suggesting that dual-RNA:Cas9 endonuclease activity against endogenous targets could be used for genome editing. Here we show that marker-less mutations can be introduced through the transformation of a template DNA fragment that will recombine in the genome and eliminate recognition of the target by the endonuclease. Directing the specificity of dual-RNA:Cas9 with several different crRNAs allows for the introduction of multiple mutations at the same time. We also characterize in detail the sequence requirements for dual-RNA:Cas9 targeting and show that the approach can be combined with recombineering for genome editing in E. coli.
RESULTS
Genome editing by dual-RNA:Cas9 cleavage of a genomic target S. pneumoniae strain crR6 contains a dual-RNA:Cas9-based CRISPR system that cleaves a target sequence present in the bacteriophage φ8232.5. This target is integrated into the srtA chromosomal locus of a second S. pneumoniae strain R6 8232.5 . An altered target sequence containing a mutation in the PAM region is integrated into the srtA rNA-guided editing of bacterial genomes using crisPr-cas systems
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Here we use the clustered, regularly interspaced, short palindromic repeats (CRISPR)-associated Cas9 endonuclease complexed with dual-RNAs to introduce precise mutations in the genomes of Streptococcus pneumoniae and Escherichia coli. The approach relies on dual-RNA:Cas9-directed cleavage at the targeted genomic site to kill unmutated cells and circumvents the need for selectable markers or counter-selection systems. We reprogram dual-RNA:Cas9 specificity by changing the sequence of short CRISPR RNA (crRNA) to make single-and multinucleotide changes carried on editing templates. Simultaneous use of two crRNAs enables multiplex mutagenesis. In S. pneumoniae, nearly 100% of cells that were recovered using our approach contained the desired mutation, and in E. coli, 65% that were recovered contained the mutation, when the approach was used in combination with recombineering. We exhaustively analyze dual-RNA:Cas9 target requirements to define the range of targetable sequences and show strategies for editing sites that do not meet these requirements, suggesting the versatility of this technique for bacterial genome engineering.
A r t i c l e s locus of a third S. pneumoniae strain, R6 370.1 , abolishing cleavage by dual-RNA:Cas9 (ref. 23)( Supplementary Fig. 1a ). We transformed R6 8232.5 and R6 370.1 cells with genomic DNA from crR6 cells, expecting that successful transformation of R6 8232.5 cells (but not R6 370.1 cells) should lead to cleavage of the target locus and cell death. Contrary to this expectation, we isolated R6 8232.5 transformants, albeit with approximately tenfold less efficiency than R6 370.1 transformants ( Supplementary Fig. 1b ). Genetic analysis of eight R6 8232.5 transformants ( Supplementary Fig. 1b ) revealed that the great majority are the product of a double recombination event that eliminates the toxicity of dual-RNA:Cas9 targeting by replacing the φ8232.5 target with the crR6 genome's wild-type srtA locus, which does not contain the protospacer required for dual-RNA:Cas9 recognition. These results are proof that the concurrent introduction of a CRISPR-Cas system targeting a genomic locus (the targeting construct), together with a template for recombination into the targeted locus (the editing template), can lead to targeted genome editing ( Fig. 1a) .
To create a simplified system for genome editing, we modified the CRISPR locus in strain crR6 by deleting cas1, cas2 and csn2, genes which have been shown to be dispensable for dual-RNA:Cas9 targeting 14, 24 , yielding strain crR6M ( Supplementary Fig. 1a ). This strain retains the properties of crR6 ( Supplementary Fig. 1b ). To increase the efficiency of editing and demonstrate that a template DNA of choice can be used to control the mutation introduced, we co-transformed R6 8232.5 cells with PCR products of the wild-type srtA gene or the mutant R6 370.1 target, either of which should be resistant to cleavage by dual-RNA:Cas9. This resulted in a five-to tenfold increase of the frequency of transformation compared with genomic crR6 DNA alone (Fig. 1b) . The efficiency of editing was also substantially increased, with 8/8 transformants tested containing a wild-type srtA copy and 7/8 containing the PAM mutation present in the R6 370.1 target ( Fig. 1b and Supplementary Fig. 2a ). Taken together, these results show the potential of genome editing assisted by a CRISPR-Cas system.
Analysis of dual-RNA:Cas9 target requirements
To introduce specific changes in the genome, one must use an editing template carrying mutations that abolish dual-RNA:Cas9-mediated cleavage, thereby preventing cell death. This is easy to achieve when the deletion of the target or its replacement by another sequence (gene insertion) is sought. When the goal is to produce gene fusions or to generate single-nucleotide mutations, the prevention of cleavage by dual-RNA:Cas9 is possible only by introducing mutations in the editing template that alter either the PAM or the protospacer sequences.
To determine the constraints imposed by these sequences, we performed a thorough analysis of PAM and protospacer mutations that abrogate dual-RNA:Cas9 targeting.
Previous studies proposed that S. pyogenes dual-RNA:Cas9 requires an NGG PAM immediately downstream of the protospacer 7, 14, 18 . However, because only a very limited number of PAM-inactivating mutations have been described so far 7, 14, 18, 23 , we conducted a systematic analysis to find all 5-nucleotide sequences following the protospacer that eliminate dual-RNA:Cas9 cleavage. We used randomized oligonucleotides to generate all possible 1,024 PAM sequences in a heterogeneous PCR product that was used to transform crR6 or R6 cells. Constructs carrying functional PAMs are expected to be recognized and destroyed in crR6 but not R6 cells ( Fig. 2a) . More than 2 × 10 5 colonies were pooled to extract DNA for use as a template for the co-amplification of all targets. PCR products were deep sequenced and found to contain all 1,024 sequences, with coverage ranging from 5 to 42,472 reads (Supplementary Data). The functionality of each PAM was estimated by the relative proportion of its reads in the crR6 sample over the R6 sample. Analysis of the first three bases of the PAM clearly shows that the NGG pattern is underrepresented in crR6 transformants ( Fig. 2b) . Furthermore, the next two bases have no detectable effect on the NGG PAM (Supplementary Discussion), demonstrating that the NGGNN sequence is sufficient to license dual-RNA:Cas9 activity. Partial targeting was observed for NAG PAM sequences ( Fig. 2b) . Also the NNGGN pattern partially inactivates targeting (Supplementary Table 1) , indicating that the NGG motif can still be recognized by dual-RNA:Cas9 with reduced efficiency when shifted by 1 bp. These data shed light onto the molecular mechanism of dual-RNA:Cas9 target recognition, and they reveal that NGG (or CCN on the complementary strand) sequences are sufficient for targeting and that NGG to NAG or NNGGN mutations in the editing template should be avoided. Owing to the high frequency of these trinucleotide sequences (once every 8 bp), this means that almost any position of the genome can be edited. Indeed, we tested ten randomly chosen targets carrying various PAMs and all were found to be functional (Supplementary Fig. 3) .
Another way to disrupt dual-RNA:Cas9-mediated cleavage is to introduce mutations in the protospacer region of the editing template. It is known that point mutations within the 'seed sequence' (the 8-10 protospacer nucleotides immediately adjacent to the PAM) A r t i c l e s can abolish cleavage by CRISPR nucleases 7, 25, 26 . However, the exact length of this region is not known, and it is unclear whether mutations to any nucleotide in the seed can disrupt dual-RNA:Cas9 target recognition. We followed the same deep sequencing approach described above to randomize the entire protospacer sequence involved in base pair contacts with the crRNA and to determine all sequences that disrupt targeting. Each position of the 20 matching nucleotides 14 in the spc1 target present in R6 8232.5 cells ( Fig. 1a) was randomized, and a library containing the resulting sequences was used to transform crR6 and R6 cells ( Fig. 2a) . Consistent with the presence of a seed sequence, only mutations in the 12 nucleotides immediately upstream of the PAM abrogated cleavage (Fig. 2c) . However, different mutations displayed markedly different effects. The distal (from the PAM) positions of the seed (12 to 7) tolerated most mutations and only one particular base substitution abrogated targeting. In contrast, mutations to any nucleotide in the proximal positions (6 to 1, except 3) prevented cleavage, although at different levels for each particular substitution. At position 3, only two substitutions affected dual-RNA:Cas9 activity and with different strength. We conclude that, although seed sequence mutations can prevent dual-RNA:Cas9 targeting, there are restrictions regarding the nucleotide changes that can be made in each position of the seed. Moreover, these restrictions can most likely vary for different spacer sequences. Therefore we believe that mutations in the PAM sequence, if possible, should be the preferred editing strategy. Alternatively, multiple mutations in the seed sequence could be introduced to prevent dual-RNA:Cas9 nuclease activity.
dual-RNA:Cas9-mediated genome editing in S. pneumoniae To develop a rapid and efficient method for targeted genome editing, we engineered strain crR6Rk, a strain in which spacers can be easily introduced by PCR ( Supplementary Fig. 4 ). We decided to edit the β-galactosidase (bgaA) gene of S. pneumoniae, whose activity can be easily measured 27 . We introduced alanine substitutions of amino acids in the active site of this enzyme: R481A (R→A) and N563A,E564A (NE→AA) mutations. To illustrate different editing strategies, we designed mutations of both the PAM sequence and the protospacer seed. In both cases we used the same targeting construct with a crRNA complementary to a region of the β-galactosidase gene that is adjacent to a TGG PAM sequence (CCA in the complementary strand, Fig. 3a) .
The R→A editing template created a three-nucleotide mismatch on the protospacer seed sequence (CGT to GCA, also introducing a BtgZI restriction site). In the NE→AA editing template we simultaneously introduced a synonymous mutation that creates an inactive PAM (TGG to TTG) along with mutations that are 218 nt downstream of the protospacer region (AAT GAA to GCT GCA, also generating a TseI restriction site). This last editing strategy demonstrates the possibility of using a remote PAM to make mutations in places where a proper target might be hard to choose. For example, although the S. pneumoniae R6 genome, which has a 39.7% GC content, contains on average one PAM motif every 12 bp, some PAM motifs are separated by up to 194 bp ( Supplementary Fig. 5 ). In addition we designed a ∆bgaA in-frame deletion of 6,664 bp. In all three cases, cotransformation of the targeting construct and editing template produced ten times more kanamycin-resistant cells than co-transformation 
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A r t i c l e s with a control editing template containing wild-type bgaA sequences (Fig. 3b) . We genotyped 24 transformants (8 for each editing experiment) and found that all but one incorporated the desired change ( Fig. 3c) . DNA sequencing also confirmed not only the presence of the introduced mutations but also the absence of secondary mutations in the target region (Supplementary Fig. 1b,c) . Finally, we measured β-galactosidase activity 27 to confirm that all edited cells displayed the expected phenotype (Fig. 3d) . dual-RNA:Cas9-mediated editing can also be used to generate multiple mutations for the study of biological pathways. We decided to illustrate this for the sortase-dependent pathway that anchors surface proteins to the envelope of Gram-positive bacteria 28 . We introduced a sortase deletion by co-transformation of a chloramphenicol-resistant targeting construct and a ∆srtA editing template ( Supplementary Fig. 6a,b) , followed by a ∆bgaA deletion using a kanamycin-resistant targeting construct that replaces the previous one. In S. pneumoniae, β-galactosidase is covalently linked to the cell wall by sortase 27 . Therefore, deletion of srtA results in the release of the surface protein into the supernatant, whereas the double deletion has no detectable β-galactosidase activity (Supplementary Fig. 7c) . Such a sequential selection can be repeated as many times as required to generate multiple mutations.
These two mutations can also be introduced at the same time. We designed a targeting construct containing two spacers, one matching srtA and the other matching bgaA, and co-transformed it with both editing templates at the same time (Fig. 3e) . Genetic analysis of transformants showed that editing occurred in 6/8 cases (Fig. 3f) . Notably, the remaining two clones each contained either a ∆srtA or a ∆bgaA deletion, suggesting the possibility of performing combinatorial mutagenesis using our strategy. Finally, to eliminate the targeting construct sequences, we introduced a plasmid containing the bgaA target and a spectinomycin resistance gene along with genomic DNA from the wild-type strain R6. Spectinomycin-resistant transformants that retain the plasmid eliminated the targeting construct sequences (Supplementary Fig. 7a,d) .
Mechanism and efficiency of editing
To understand the mechanisms underlying genome editing with our CRISPR-Cas system, we designed an experiment in which the editing efficiency could be measured independently of cleavage by dual-RNA: Cas9. We integrated the ermAM erythromycin resistance gene in the srtA locus, and introduced a premature stop codon using dual-RNA: Cas9-mediated editing (Supplementary Fig. 6 ). The resulting strain (JEN53) contains an ermAM(stop) allele and is sensitive to erythromycin. This strain can be used to assess the efficiency at which the ermAM gene is repaired by measuring the fraction of cells that restore antibiotic resistance with or without the use of cleavage by dual-RNA: Cas9. JEN53 was transformed with an editing template that restores the wild-type allele, together with either a kanamycin-resistant CRISPR construct targeting the ermAM(stop) allele (CRISPRøermAM(stop)) or a control construct without a spacer (CRISPRøØ) (Fig. 4a,b) . In the absence of kanamycin selection, the fraction of edited colonies is on the order of 10 −2 (erythromycin-resistant colony-forming units (cfu)/total cfu) ( Fig. 4c) , representing the baseline frequency of recombination without dual-RNA:Cas9-mediated selection against unedited cells. However, if kanamycin selection is applied and the control CRISPR construct is co-transformed, the fraction of edited colonies increases to about 10 −1 (kanamycin-and erythromycinresistant cfu/kanamycin-resistant cfu) (Fig. 4c) . This result shows that selection for the recombination of the CRISPR locus co-selected for recombination in the ermAM locus independently of dual-RNA:Cas9 cleavage of the genome, suggesting that a subpopulation of cells is more prone to transformation and/or recombination. Transformation of the CRISPRøermAM(stop) construct followed by kanamycin selection resulted in an increase of the fraction of erythromycinresistant, edited cells to 99% (Fig. 4c) . To determine if this increase is caused by the killing of non-edited cells, we compared the kanamycinresistant cfu obtained after co-transformation of JEN53 cells with the CRISPRøermAM(stop) or CRISPRøØ constructs. We counted 5.3 times less kanamycin-resistant colonies after transformation of the ermAM(stop) construct (2.5 × 10 4 /4.7 × 10 3 ; Supplementary  Fig. 8a) , a result that suggests targeting of a chromosomal locus by dual-RNA:Cas9 does, indeed, lead to the killing of non-edited cells. Finally, because the introduction of dsDNA breaks in the bacterial chromosome is known to trigger repair mechanisms that increase the rate of recombination of the damaged DNA 29 A r t i c l e s cleavage by dual-RNA:Cas9 induces recombination of the editing template. We counted 2.2 times more colonies after co-transformation with the CRISPRøerm(stop) construct than with the CRISPRøØ construct ( Fig. 4d) , indicating that there is a modest induction of recombination. Taken together, these results show that co-selection of transformable cells, induction of recombination by dual-RNA:Cas9mediated cleavage and selection against non-edited cells contribute to the high efficiency of genome editing in S. pneumoniae.
As cleavage of the genome should kill non-edited cells, one would not expect to recover any cells that received the kanamycin resistancecontaining targeting construct but not the editing template. However, even in experiments where the editing template was not introduced, we recovered many kanamycin-resistant colonies after transformation of the CRISPRøermAM(stop) construct ( Supplementary  Fig. 8a) . These cells that 'escape' CRISPR-induced death (CRISPR selection) produce a background that determines a limit of the method. This background frequency can be calculated as the ratio of CRISPRøermAM(stop)/CRISPRøØ cfu, 2.6 × 10 −3 (7.1 × 10 1 /2.7 × 10 4 ) in this experiment, meaning that if the recombination frequency of the editing template is less than this value, CRISPR selection will not efficiently recover the desired mutants above the background. To understand the origin of these cells, we genotyped eight background colonies and found that seven contained deletions of the targeting spacer (Supplementary Fig. 8b ) and one harbored a presumably inactivating mutation in Cas9 (Supplementary Fig. 8c ).
Genome editing with dual-RNA:Cas9 in E. coli The activation of Cas9 targeting through the chromosomal integration of a CRISPR-Cas system is only possible in organisms that are highly recombinogenic. To develop a more general method that is applicable to other microbes, we decided to perform genome editing in E. coli using a plasmid-based CRISPR-Cas system. Two plasmids were constructed: a pCas9 plasmid carrying the tracrRNA, Cas9 and a chloramphenicol resistance cassette (Supplementary Fig. 9) , and a pCRISPR kanamycinresistant plasmid carrying the array of CRISPR spacers. To measure the efficiency of editing independently of CRISPR selection, we sought to introduce an A to C transversion in rpsL that confers streptomycin resistance 30 . We constructed a pCRISPRørpsL plasmid harboring a spacer that would guide dual-RNA:Cas9 cleavage of the wild-type, but not the mutant rpsL allele (Fig. 5a) . The pCas9 plasmid was first introduced into E. coli MG1655 and the resulting strain was cotransformed with the pCRISPRørpsL plasmid and W542, an editing oligonucleotide containing the A to C mutation. We were only able to recover streptomycin-resistant colonies after transformation with the 
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A r t i c l e s pCRISPRørpsL plasmid, suggesting that cleavage by dual-RNA:Cas9 induces recombination of the oligonucleotide (Supplementary Fig. 10) . However, the number of streptomycin-resistant colonies was two orders of magnitude lower than the number of kanamycin-resistant colonies, which are presumably cells that escape cleavage by dual-RNA: Cas9. Therefore, in these conditions, cleavage by dual-RNA:Cas9 facilitates the introduction of the mutation, but with an efficiency that is not enough to select the mutant cells above the background of 'escapers' .
To improve the efficiency of genome editing in E. coli, we applied our CRISPR-Cas system with recombineering, using dual-RNA:Cas9induced cell death to select for the desired mutations. The pCas9 plasmid was introduced into the recombineering strain HME63 (ref. 31) , which contains the Gam, Exo and Beta functions of the λ-red phage. The resulting strain was co-transformed with the pCRISPRørpsL plasmid (or a pCRISPRøØ control) and the W542 oligonucleotide (Fig. 5b) . The recombineering efficiency was 5.3 × 10 −5 , calculated as the fraction of total cells that became resistant to streptomycin when the control plasmid was used (Fig. 5c) . In contrast, transformation with the pCRISPRørpsL plasmid increased the percentage of mutant cells to 65 ± 14% ( Fig. 5c and Supplementary Fig. 2f ). We observed that the number of cfu was reduced by about three orders of magnitude after transformation of the pCRISPRørpsL plasmid than the control plasmid (4.8 × 10 5 /5.3 × 10 2 ; Supplementary Fig. 11a ), suggesting that selection results from CRISPR-induced death of nonedited cells. To measure the rate at which cleavage by dual-RNA:Cas9 is inactivated, an important parameter of our method, we transformed cells with either pCRISPRørpsL or the control plasmid without the W542 editing oligonucleotide (Supplementary Fig. 11a ). This background of CRISPR 'escapers', measured as the ratio of pCRISPRørpsL/ pCRISPRøØ cfu, was 2.5 × 10 −4 (1.2 × 10 2 /4.8 × 10 5 ). Genotyping eight of these escapers revealed that in all cases there was a deletion of the targeting spacer (Supplementary Fig. 11b ). This background is higher than the recombineering efficiency of the rpsL mutation, 5.3 × 10 −5 , which suggested that to obtain 65% edited cells, cleavage by dual-RNA:Cas9 must induce oligonucleotide recombination. To confirm this, we compared the number of kanamycin-and streptomycinresistant cfu after transformation of pCRISPRørpsL or pCRISPRøØ (Fig. 5d) . As in the case for S. pneumoniae, we observed a modest induction of recombination, about 6.7 fold (2.0 × 10 −4 /3.0 × 10 −5 ). Taken together, these results indicate that the CRISPR-Cas system provides a method for selecting mutations introduced by recombineering.
DISCUSSION
Here we show that CRISPR-Cas systems can be used for targeted genome editing in bacteria by the co-introduction of a targeting construct that kills wild-type cells and an editing template that both eliminates cleavage by dual-RNA:Cas9 and introduces the desired mutations. Different types of mutations (insertions, deletions or scar-less single-nucleotide substitutions) can be generated. Multiple mutations can be introduced at the same time. The specificity and versatility of editing using the CRISPR-Cas system rely on several unique properties of the Cas9 endonuclease: (i) its target specificity can be programmed with a small RNA, without the need for enzyme engineering, (ii) target specificity is very high, determined by a 20-bp RNA-DNA interaction with low probability of nontarget recognition, (iii) almost any sequence can be targeted, the only requirement being the presence of an adjacent NGG sequence, (iv) almost any mutation in the NGG sequence, as well as mutations in the seed sequence of the protospacer, eliminates targeting.
We show that genome engineering using the CRISPR-Cas system works not only in highly recombinogenic bacteria such as S. pneumoniae, but also in E. coli. Results in E. coli suggest that the method should be applicable to other microorganisms for which plasmids can be introduced. In E. coli, the approach complements recombineering of mutagenic oligonucleotides. To use this methodology in microbes where recombineering is not possible, the host homologous recombination machinery could be used by providing the editing template on a plasmid. In addition, because accumulated evidence indicates that CRISPR-mediated cleavage of the chromosome leads to cell death in many bacteria 23, 32, 33 and archaea 34, 35 , it is possible to envision the use of endogenous CRISPR-Cas systems for editing purposes.
In both S. pneumoniae and E. coli, we observed that although editing is facilitated by a co-selection of transformable cells and a small induction of recombination at the target site by dual-RNA:Cas9 cleavage, the mechanism that contributes the most to editing is the selection against non-edited cells. Therefore the major limitation of the method is the presence of a background of cells that escape CRISPR-induced cell death and lack the desired mutation. We showed that these 'escapers' arise primarily through the deletion of the targeting spacer, presumably after the recombination of the repeat sequences that flank the targeting spacer. Future improvements will focus on the engineering of flanking sequences that can still support the biogenesis of functional crRNAs but that are sufficiently different from one another to eliminate recombination. Alternatively, the direct transformation of chimeric crRNAs 7 could be explored. In the particular case of E. coli, the construction of the CRISPR-Cas system is not possible if this organism is also used as a cloning host. We solved this issue by placing Cas9 and the tracrRNA on a different plasmid than the CRISPR array. The engineering of an inducible system could also circumvent this limitation.
Although new DNA synthesis technologies provide the ability to create any sequence cost effectively with a high throughput, it remains a challenge to integrate synthetic DNA in living cells to create functional genomes. Recently, the co-selection MAGE strategy was shown to improve the mutation efficiency of recombineering by selecting a subpopulation of cells that has an increased probability of achieving recombination at or around a given locus 36 . In this method, the introduction of selectable mutations is used to increase the chances of generating nearby nonselectable mutations. As opposed to the indirect selection provided by this strategy, the use of the CRISPR-Cas system makes it possible to directly select for the desired mutation and to recover it with a high efficiency. These technologies add to the toolbox of genetic engineers, who, using these tools and DNA synthesis, are likely to substantially advance our ability to both decipher gene function and manipulate organisms for biotechnological purposes. While our work was in review, two studies reported the use of CRISPR-Cas systems to engineer eukaryotic genomes 37, 38 , and two more accompany our paper 39, 40 . It is expected that these crRNAdirected genome editing technologies will be broadly useful in the basic and medical sciences.
METHODS
Methods and any associated references are available in the online version of the paper. PCR products C (PCR C) when applicable (Supplementary Table 3 ). The CRISPRøØ and CRISPRøermAM(stop) targeting constructs were generated by PCR amplification of JEN62 and crR6 genomic DNA respectively, with oligos L409 and L481.
Generation of targets with randomized PAM or protospacer sequences.
The five nucleotides following the spacer 1 target were randomized through amplification of R6 8232.5 genomic DNA with primers W377/L426. This PCR product was then assembled with the cat gene and the srtA upstream region that were amplified from the same template with primers L422/W376. Eighty ng of the assembled DNA was used to transform strains R6 and crR6. Samples for the randomized targets were prepared using the following primers: B280-B290/L426 to randomize bases 1-10 of the target and B269-B278/L426 to randomize bases 10-20. Primers L422/B268 and L422/B279 were used to amplify the cat gene and srtA upstream region to be assembled with the first and last ten PCR products, respectively. The assembled constructs were pooled and 30 ng was used to transform R6 and crR6. After transformation, cells were plated on chloramphenicol selection. For each sample more than 2 × 10 5 cells were pooled together in 1 ml of THYE and genomic DNA was extracted with the Promega Wizard kit. Primers B250/B251 were used to amplify the target region. PCR products were tagged and run on one Illumina MiSeq paired-end lane using 300 cycles.
